Sediment successions from the Kanin Peninsula and Chyoshskaya Bay in northwestern Russia contain information on the marginal behaviour of all major ice sheets centred in Scandinavia, the Barents Sea and the Kara Sea during the Eemian ÁWeichselian. Extensive luminescence dating of regional lithostratigraphical units, supported by biostratigraphical evidence, identifies four major ice advances at 100 Á90, 70 Á65, 55 Á45 and 20 Á18 kyr ago interbedded with lacustrine, glaciolacustrine and marine sediments. The widespread occurrence of marine tidal sediments deposited c. 65 Á60 kyr ago allows a stratigraphical division of the Middle Weichselian Barents Sea and Kara Sea ice sheets into two shelf-based glaciations separated by almost complete deglaciation. The first ice dispersal centre was in the Barents Sea and thereafter in the Kara Sea. It is possible to extract both flow patterns from ice marginal landforms inside the southward termination. Accordingly, it is proposed that the Markhida line and its western continuation are asynchronous and originate from two separate glaciations before and after the marine transgression. The marine sedimentation occurred during a eustatic sea-level rise of up to 20 m/1000 yr, i.e. the Mezen Transgression. We speculate that the rapid eustatic sea-level rise triggered a collapse of the Barents Sea Ice Sheet at the MIS (Marine Isotope Stage) 4 to 3 transition. This is motivated by lack of an early marine highstand, the timing of events, and the marginal position of Arkhangelsk relative to open marine conditions.
The Kanin Peninsula in northwestern Russia holds a unique record of ice-marginal behaviour and interaction through the Weichselian between the three large Eurasian ice sheets: the shelf-bound Kara Sea and Barents Sea ice sheets and the land-based Scandinavian Ice Sheet. The sedimentary successions on the Kanin Peninsula and Chyoshskaya Bay provide a detailed insight into the interaction in time and space of these large ice sheets (Fig. 1) . It is established that the Scandinavian and Barents Sea ice sheets merged during the Late Weichselian Áoffshore from the present northern Norwegian ÁRussian coast , while only ice from Scandinavia reached the terrestrial part of northwest Russia Lunkka et al. 2001; Demidov et al. 2006) . In the terrestrial sedimentary record, the nature of confluence and glaciodynamic behaviour behind this junction remains illusive. In the Middle Weichselian, Svendsen et al. (2004) predicted major glaciations in the Barents and Kara Sea followed by southward invasion of both ice sheets onshore Russia and Siberia. Therefore, it should be possible to find evidence for the junction between the Barents and Kara Sea ice sheets by interpreting sedimentary environments and landform assemblages from the terrestrial record. The recent literature, however, has ceased to distinguish between the two ice sheets (e.g. Polyak et al. 2000; Mangerud et al. 2004; Svendsen et al. 2004) , although Tveranger et al. (1999) stressed the necessity to discriminate between ice sheets in order to understand the glaciodynamic problems related to the synchrony of ice-sheet maxima. In the Early Weichselian, the challenge is to understand the influence of the Barents and Kara Sea ice sheets on the development of ice-dammed lakes through blockage of northbound rivers and how other types of glaciolacustrine sedimentation are distinguished from these presumably short-lived events Kjaer et al. 2003; Mangerud et al. 2004; Larsen et al. 2006a ).
In-depth knowledge of palaeoglaciological conditions related to multiple ice dispersal centres and ice flow towards the same termination on mainland Russia demands significant spatial and temporal resolution on the interaction between the Kara Sea, Barents Sea and
Scandinavian ice sheets. Evidence from the Kanin Peninsula provides such information and, together with additional information from the coast around Chyoshskaya Bay Áto the east, it provides a sound basis for correlation into the Pechora key region . The objective of this article is to document the Eemian ÁWeichselian succession along the coast of Kanin Peninsula and Chyoshskaya Bay. This is used to establish an event stratigraphy that provides an insight into ice-sheet interactions, environmental response to ice retreat and possible triggers for shelf-ice behaviour such as rapid sea level changes.
SettingÁbedrock, large-scale geomorphology and previous work
The most prominent bedrock feature of the study area is the eroded mountain ridge trending from Timan across the shallow Chyoshskaya Bay towards the northern part of Kanin Peninsula (Fig. 1) . On the northern part of Kanin Peninsula it appears as a plateau ridge with an average altitude about 150 m a.s.l. and up to 241 m a.s.l. The Timan Ridge and its continuation on Kanin Peninsula are composed of Neoproterozoic terrigenous and shallow marine sediments. Precambrian movements along a major NW ÁSE-trending fault zone have deformed the succession by folding (Olovyanishnikov et al. 1997; Roberts & Siedlecka 1999) . Bedrock outcrops along the shores of Chyoshskaya Bay and northern Timan reveal Late Proterozoic shales and Devonian sandstones together with small exposures of basaltic rocks. Exposed bedrock on the northern Kanin Peninsula mainly shows weakly metamorphosed slope and basin sedimentary rocks (Olovyanishnikov et al. 2000) . Outside exposed bedrock areas, the landscape appears flat or slightly hummocky, composed of glaciolacustrine, glaciomarine, marine or diamict and proglacial sediments. Numerous minor lakes and bogs superimpose this surface together with widespread permafrost features (Fig. 1) . Along the Kanin Ridge, at Cape Konushin and south of Chyoshskaya Bay, hummocky and kame terrain is abundant, heavily Krasnov (1971) , Sergeev & Babak (1981) and Lavrov (1991) .
modified by deflation. Between the river Pyoza and the Timan Ridge and on northern Timan, end-moraine belts with erratic boulders from both Timan and Novaya Zemlya were reported by Rudovits (1947) and Korchagin (1937) . Coastal erosion is strong around Kanin Peninsula and Chyoshskaya Bay with coastal retreat on western Kanin Peninsula averaging 5 Á10 m per year (Nevessky et al. 1977) . Only near the mouth of Shoina river, adjacent inlets, and in some parts of the inner Chyoshskaya Bay does the coast prograde, often associated with migration of large dune fields. Usually, coastal cliffs reach 40 Á60 m a.s.l. on northern and western Kanin Peninsula, while southeastern shores and cliffs on the side of Chyoshakaya Bay never exceed 25 m a.s.l. Common to much of the earlier work on Kanin Peninsula is the description of marine sediments (Chernyshov 1891; Greving 1891). These were assigned to a Pre-Eemian transgression (Vollosovich & Alexandrova 1939 in Yakovlev 1956 ), a Boreal (Eemian) transgression (Ramsay 1904) or to a marine transgression after the last deglaciation (Kalyanov & Androsova 1933; Vollosovich & Alexandrova 1939 in Yakovlev 1956 Lyutkevich 1947) . A series of terraces and outcrops are correlated with these marine sediments, e.g. between Tarkhanov and Tobujev river on Cape Kanin Nos at 60, 70 and 114 m a.s.l. (Kalyanov & Androsova 1933; Androsova 1938) . Ramsay (1904 Ramsay ( , 1911 proposed the first comprehensive lithostratigraphy with three Weichselian tills interbedded by two sand units. According to him, the last Scandinavian Ice Sheet terminated with a north Ásouth ice margin along western Kanin Peninsula. Later, Vollosovich & Alexandrova (1939) in Yakovlev (1956) identified only two tills, but agreed on Ramsay's Scandinavian Ice Sheet limit. Thus, it was consensus that the eastern part of Kanin Peninsula was only affected by glaciations from the east, from Novaya Zemlya. The Scandinavian Ice Sheet maximum position was later confirmed by Yakovlev (1956 Yakovlev ( , 1963 , Spiridonov & Yakoleva (1961) , and Aseev (1974) , and all investigators identified three diamict units matching three glacier advances, although they did not fully agree on the flow directions of the involved ice sheets. Ramsay (1904) attributed all three till beds to Scandinavian ice advances or possibly Timan-Ural glaciations. Contrary to this, Spiridonov & Yakovleva (1961) only related the upper diamict to the Scandinavian ice, while they interpreted the two lower units as originating from northeasterly ice sheet advances during the Moscowian and the Dnieper glaciations. More recent studies by Lavrushin & Epshtein (2001) indicate the presence of Saalian (Moscowian), early and late Weichselian tills interbedded by marine sediments, although supported by few absolute ages, only. Using aerial photographs, Lavrov & Potapenko (2005) noted that fast-flowing ice from the Kara Sea invaded the Kanin Peninsula, Kuloi Plateau and the area between Chyoshskaya Bay and Pyozha during the late Weichselian.
Methodology

Sedimentological techniques
At all key localities, sedimentological logs were recorded in the scale of 1:10. Diamict units were described according to Krüger & Kjaer (1999) and sorted sediments following Eyles et al. (1983) . At Konushin, between the Krinka and Madakhá rivers, and at Bolshoi Vzglavnyie, profiles were recorded using a combination of photographic mosaics and field verification.
Directional data such as glaciodynamic structures and clast fabric analyses were collected from diamict units. The trend and plunge of long axes (a) were measured on 25 clasts and only clasts with a long to intermediate axis ratio ]/1.5 and a length of 0.6 Á6 cm were measured (Kjaer & Krüger 1999) . Directional data were also derived from intra-diamict orientation of striations on clasts, slickensides and thrust planes. Small and large-scale deformation in both diamicts and interbeds were measured. Magnetic declination was compensated by subtracting 178 from all directional measurements. Directional data were plotted and computed in the Spheritstat programme (Pangea Scientific 1998), including calculation of eigenvectors (V 1 ) and eigenvalues (S 1 , S 2 , S 3 ) of the fabric analyses according to Mark (1973 Mark ( , 1974 . Clasts were considered to have a preferred statistical orientation when the S 1 and S 3 eigenvalues are ]/0.52 and 5/0.17, respectively (Anderson & Stephensen 1971) . Contoured diagrams of clast fabric are provided after Kamb (1959) using three and six times the standard deviation for random distribution. Bulk samples (8 Á10 kg) were collected from diamict sediments. Samples were wet sieved through 2 and 0.063 mm sieves and the proportions of gravel, sand and silt/clay were calculated.
Absolute chronology
Absolute dating employed Optically Stimulated Luminescence (OSL), exposure dating and 14 C dating. In the field, samples for OSL dating were taken from sorted sediments, often inter-till beds, by driving 30-cm-long 6-cm-diameter lightproof PVC pipes into freshly cleaned sections. Samples were analysed at the Nordic Laboratory for Luminescence Dating, Risø, Denmark. Quartz grains (180 Á250 mm) were separated using HCl, H 2 O 2 and HF, whereas no heavy liquids were used and the absence of feldspar contamination was confirmed using a comparison of the response to infrared stimulation with that to blue stimulation. Equivalent doses were measured using a Single Aliquot
Regenerated dose (SAR) protocol (Murray & Wintle 2000) and the usual tests, e.g. recycling, recuperation for suitability, were employed. Radionuclide concentrations were measured using high resolution gamma spectrometry (Murray et al. 1987) and converted to dose rates using the conversion factors given in Olley et al. (1996) . The lifetime average water content affects the calculated dose rate because water absorbs radiation from the surrounding sediment, but does not contribute significantly to the radiation flux. In typical sediments, a 1% increase in water content increases the age by a little less than 1%. In this study, we have assumed that samples have been completely saturated with water for 95% of the time after burial. This is a common assumption in periglacial environments (e.g. Houmark- . A sample-specific saturation water content was assumed, in the range 11Á41% with respect to dry weight, based on the observed grain-size distribution . A small contribution from cosmic radiation must also be taken into account; this contribution decreases with increasing burial depth. Of course, the true average burial depth cannot be known; it is not likely to be the same as that observed at the time of sampling. We have assumed an average depth of 4 m, giving an annual cosmic ray dose rate of 0.13 Gy/ka. Typically, this amounts to Â/9% of the total dose rate (see Table 1 ). Were we to use cosmic ray dose rates based on the present-day overburden, the ages would, on average, become 5% (s 0/5%) older. This systematic effect is still significantly smaller than the average total uncertainty associated with our age (Â/7%), especially when it is remembered that uncertainties are added in quadrature.
There remains the question of the degree of bleaching at the time of deposition. Incomplete bleaching (i.e. insufficient exposure to daylight before final deposition) may leave a remnant dose in the sample, onto which will be superimposed the dose acquired during burial. Thus the total dose, and the age, will be overestimated. Thomas et al. (2006) tested samples from northern Kanin Peninsula and Timan Ridge in terms of saturation limits, within-site variability and initial signal resetting in different depositional environments and concluded that incomplete bleaching is generally not a problem. This is consistent with the experience of other workers in northern Eurasia (Svendsen et al. 2004) . Of course, this assumption may not always be valid, especially in young samples, but it is increasingly unlikely to be a problem as the equivalent dose increases. This is because bleaching is only weakly dependent on prior dose; for a given environment, a now old sediment would have been reset to the same absolute dose as a now young sediment. The only likely exception to this general statement may be sediment transported in such a manner that it receives no light exposure whatever Á for instance, material eroded from the glacier bed, and re-deposited without emerging from under the glacier. Then the characteristics of such material, e.g. sorting, grain size, apparent age, will be inherited from the original eroded deposit.
A single sample of small twigs was dated using the AMS radiocarbon facility at Aarhus University and subsequently calibrated with Calib Rev. 5.0.1 (Reimer et al. 2004 ).
Stratigraphical marker horizons
Marine sediments are important in the regional stratigraphy because they represent time-equivalent depositional markers that can be identified directly in the field. In this study, they are used to distinguish Weichselian deposits from pre-Eemian successions, to differentiate Barents Sea glaciation from Kara Sea glaciations, and for correlation to the stratigraphic succession in the Pechora lowlands, east of the Timan Ridge.
During the Boreal (Eemian) Transgression the sea inundated the north-Russian lowlands, and the Kanin Peninsula and areas around Chyoshskaya Bay were transformed into an archipelago with small islands surrounded by a network of straits connecting deeper basins (Fig. 1) . This is seen from widespread marine sediments with rich and varied mollusc faunas, exposed in coastal and river sections. The main diagnostic feature for the Eemian marine sediments is the occurrence of Boreal species, i.e. species with their northern limit within or at the northern boundary of the Boreal zone. The northern limit of this biogeographical zone is marked by the occurrence of sea ice, presently located on the Murman coast c. 300 km to the west of the Kanin Peninsula (Funder et al. 2002) . In the present study area they were first observed and referred to as Eemian by Ramsay (1904) . The later and comprehensive studies on the molluscs of the Boreal Transgression in this area and in the Arkhangelsk region in general have been summarized by Biske & Devyatova (1965) , Legkova & Schukin (1967) , and reviewed by Funder et al. (2002) . Nielsen & Funder (2003) discussed the faunas' taphonomy, and Grøsfjeld et al. (2006) give a detailed record of the changing marine environments through the Eemian based on sections along the river Pyoza to the south of the Kanin Peninsula.
Two other Quaternary marine transgressions have been recognized in this area. Youngest is the Mezen Transgression at c. 60 kyr BP, which was first identified in the Mezen Bay area (Kjaer et al. 2003) and later also further to the west on the Kuloi coast and in the Chyoshskaya Bay area (Jensen et al. 2006) . Oldest is a transgression at c. 200 kyr BP observed at a few sites on the Pyoza river (Grøsfjeld et al. 2006) . The faunas from these two intervals, although known only from few localities, indicate cool, but not Arctic conditions, and 
the Eemian Transgression remains the warmest, most widespread and easiest to identify Late Cainozoic Transgression in northern Russia (Zarkhidze & Samoilovich 1989) . Besides the Boreal Transgression, a number of Quaternary marine transgressions over northern Russia have been debated in the earlier literature. The existence of the early Weichselian 'Belomoran' or 'Sia Transgression' has been an issue for discussion for almost a century, as summarized in detail by Devyatova (1982) . In the Arkhangelsk region the evidence for this marine transgression was shoreface marine sand overlying Eemian offshore mud with an erosional unconformity. Supported by pollen and faunal analysis, Grøsfjeld et al. (2006) re-interpret the erosional unconformity, which is often seen in the marine sediments, as a wave erosion surface caused by falling sea level during the Eemian regression period Á and not as indicator of a separate transgression, and we have not seen any evidence for an early Weichselian transgression.
In a core from Safonovo at the upper Pyoza river, a thick sequence of marine sediment was encountered below a single bed of till. From its characteristics the till was judged to be of Moscovian (Saalian) age, and consequently the underlying marine sediment was referred to the Odintsovo interglacial (Holsteinian), as discussed by Biske & Devyatova (1965) . At the nearby Yolkino and Varschuschka along the Pyoza river ( Fig. 12 ), shoreface sediments with rich mollusc faunas were correlated with these marine sediments on the basis of characteristics in the overlying till. In these exposures, the rich faunas were similar to the Eemian faunas in the area, indicating that this Holsteinian 'Northern Transgression' was at least as warm as the Eemian. However, as described by Houmark-Nielsen et al. (2001) , Nielsen & Funder (2003) and Grøsfjeld et al. (2006) , OSL dates, stratigraphical setting and faunal relations show that the exposed marine sediments can be dated to the Eemian; we have seen compelling evidence for periods as warm as the Eemian everywhere in the region. We therefore enforce the marine Eemian sediments as an important and easily identifiable marker horizon in the region.
Lithostratigraphical units
Unit 1. Marine Eemian
Description. Á Marine Eemian sediments are abundant, especially on northwestern Kanin Peninsula at Tobujev and Tarkhanov, but also occur at Cape Zhelsenyie, Bolshoi Vzglavnyie, Chyornaya and, possibly, Konushin and Konushinskaya (Fig. 2) . Shoreface sediments are exposed from 138 m down to c. 15 m a.s.l., reflecting regression due to isostatic emergence of the region (Tobujev, Tarkhanov, Cape Zhelsnyie, Chyornaya, Konushin, Konushinskaya). Offshore mud, glaciomarine diamicton and boulder deposits occur also (Tobujev, Bolshoi Vzglavnyie, Tarkhanov). Only the occurrences at Tobujev and Tarkhanov seem to be in situ and undisturbed by later glacier overriding. At all other sites the sediments are dislocated. The sediments reach a thickness of more than 15 m, and comprise shoreface sand and gravel facies as well as fine-grained offshore mud and glaciomarine diamicton (Fig. 3) .
Interpretation. Á Following the arguments given above, the shoreface sediments with such boreal indicators as Helcion pellucidum, Gibbula tumida, Rissoa membranacea, Spisula elliptica and Panomya arctica can be referred to the Eemian. At some sites (Chyornaya, Konushin, Konushinskaya) the faunas lack boreal indicators, have low diversity and are dominated by Macoma calcarea. Tentatively, we also refer these sediments to the late Eemian, when regression had restricted the exchange with the ocean, as seen in late Eemian faunas from Pyoza (Grøsfjeld et al. 2006) .
Unit 2. Fluvial, lacustrine and shallow marine sediments Description. Á The unit occurs as two discrete interbeds (interbeds 1 and 2) between diamict beds on the northern coast of the Kanin Peninsula ( Fig. 2C; log 16, 17, 18, 19) . These interbeds were upthrusted by ice stress from northwest and northeast, and the stratigraphic position and deposition of each interbed within one succession can only be inferred following glaciotectonic modelling and sea-level considerations (Larsen et al. 2006b ). The lower part of the interbeds is commonly composed of ripple and planar laminated silt and fine sand, up to 12 m thick. Gyttja and lenses of peat are found within the fine-grained succession.
Pollen suggests an open birch forest to birch-forest tundra with willows and tall herbs and northwards advancing spruce (Larsen et al. 2006b ). At one sub-site the fine-grained sediments are cut erosively by fining upwards sets of trough cross-bedded gravel and sand. Sediment transport direction consistently points to a single onshore source relative to the present coastline. The uppermost parts of the interbeds most commonly consist of fine-grained facies, although at one sub-site there is a layer about 4 m consisting of bedsets of coarse gravel to fine sand separated by low-angle bedding planes. The main bedding dips offshore relative to the present coastline, whereas tangential foresets and ripples are more or less perpendicular to the present coastline, indicating bi-directional currents. Shell fragments are abundant throughout. More commonly, though, is heterolithic, fine to medium-grained sand with mud drapes on ripple foresets. Double mud drapes and oppositely directed ripple foresets are common. At Oiva, a massive, bluish silt is overlain by sand that is strongly sheared, but some ripples are Eurasian ice sheets, NW Russia
evident. This is again overlain by silt. Fine sand overlain by strongly sheared medium sand is found in the same stratigraphic position at Bolshoi Vzglavnyie.
Interpretation. Á Most of the information available from these interbeds comes from the northern Kanin Peninsula. The lower ripple and planar laminated silt and fine sand are interpreted as lake sediments. The trough cross-bedded gravels and sands that cut erosively into lake sediments are interpreted as fluvial, and possibly represent a single channel, a remnant of progradation as the lake was filled up (Larsen et al. 2006b ). The observations along the long coastal cliff between Madakhá and Krinka indicate an environment with several shallow lakes being rapidly filled with sediment (Larsen et al. 2006b ). The low-angle sand and gravel bedset is interpreted as beach sediment, the main bedding of which dips offshore from the present coast. This cuts down into organic lake sediments, and the transition is interpreted to be a result of coastal erosion turning a lacustrine basin into a marine embayment. The fine-grained, heterolithic sand is interpreted as sub-tidal (Nio & Yang 1991) . The entire record is evidence of shallow lake basins being opened to the sea by coastal retreat. Deposition occurred somewhat below present sea level on either side of a coastline north of and subparallel to the present (Larsen et al. 2006b ). According to this interpretation, the marine sediments at Indiga must also be upthrusted from a position below present sea level. If the corresponding unit at Bolshoi Vzglavnyie and Oiva is not upthrusted from below present sea level, the sediments at these sites would represent terrestrial counterparts, i.e. lacustrine and/ or fluvial. Unfortunately detailed observations are not available to resolve whether to distinguish between the two possible origins. 
Description. Á Unit 3 is divided into four subunits comprising muddy, sandy, coarse-grained gravel and diamict sediments along the western coast of Kanin Peninsula, from Cape Konushin to Kanin Nos (Figs 1, 2A, B; logs 1Á9 and Fig. 4) . The upper boundary of the succession often forms a regionally extensive terrace surface at altitudes between 40 and 60 m a.s.l. (Fig. 5A) . The lowermost part (subunit 3.1), comprises 3 Á4 m of well-sorted, planar laminated or planar crossbedded, medium to fine sand, sometimes with minor, discontinuous clay beds. Slump structures and icewedge casts are found in the upper part of the subunit ( Fig. 2A ; logs 1, 2 and Fig. 4) .
Subunit 3.2 is a stratified, brown-grey, sandy-silty, matrix-supported, friable diamict, up to 16 m thick superimposing subunit 3.1 ( Fig. 2A) . At Konushin, the diamict pinches out towards the east over a distance of about 200 m. The lower contact towards the underlying sand is slumped and often characterized by a gradational zone with low clast content. The lower and middle part of the diamict is strongly influenced by weakly deformed, laterally persistent (5 Á10 m) sand lenses that usually disappear upwards associated with decreasing sand content (Fig. 4) .
At Pestovaya and Tarkhanov ( Fig. 2A, B ; logs 4, 9), the diamict is dark grey or brown, massive, silty-clayey, matrix-supported and firm with a moderate content of clasts (subunit 3.3). It is more than 8 m thick and separated in multiple architectural elements by sorted horizons. The elements all dip towards the northeast, as does the upper boundary (Fig. 5B) . Towards the top, small-scale deformation, such as recumbent folds, increases, and a dense pattern of subhorizontal fractures appears. Three fabric measurements in unit 3.3 show V 1 eigenvectors from 24Á368 with a high degree Eurasian ice sheets, NW Russia
of clustering, as seen from the S 1 eigenvalues: 0.58 Á 0.71 (Fig. 6A ). Up to 40 m of sand (subunit 3.4) conformably fills a depression in the diamict surface at Pestsovaya ( Fig. 2A ; log 4 and Fig. 4B ). The lower boundary is sharp, marking an upwards transition to fine to medium-grained sand with gradational alternations between horizontal lamination, climbing ripples and occasional beds of massive sand. Several erosional troughs lined by gravel-size coal and clay intraclasts cut into the otherwise gently dipping, subhorizontal or slightly convex upward bedding. Bedding planes dip from 68 to 368 in northeasterly directions, and ripple migration directions suggest similar sediment transport directions towards northeast. At Ostraya South ( Fig. 2A ; log 5Á6), this facies alternates with up to 25-cm-thick sets of planar cross-bedded medium sand to fine gravel, often arranged in up to 2-m-thick cosets. At Ostraya North and Tarkhanov (Fig. 5C ), sedimentary successions composed of discontinuous, centimetre-thick beds dominated by mud or fine sand are stacked up to 20 m thickness (Fig. 5D, E) . Many are normally graded and climbing and planar ripples appear in the thickest sand beds. In between these successions, planar laminated sand and diamict beds up to 0.5 m thick occur. Dropstones, up to 20 cm long, are scattered throughout. These clasts, slump structures and normal faults have interrupted primary sedimentary structures throughout these sediments. A bed of coarse sand and fine gravel with reworked shell fragments is found between 51 and 53 m a.s.l. at Pestsovaya. Shell fragments are restricted to this level. The lower boundary to fine sand is erosional, whereas the upper boundary is a sharp transition from fine sand to a 4-m-thick bed of laminated silt capped by a 2-m-thick gravel with shattered clasts interbedded with diamict sediment. At Ostraya South, the fine-grained sandy unit interfingers with a 40 m thick and tens of 
metres wide coarse-grained unit consisting of alternating beds of massive, coarse gravel to boulders and thin horizontally laminated, planar cross-bedded mediumcoarse grained sand (Fig. 2B, 5F ). The transition between the two facies is sharp or gradational. This gravelly to bouldery sediment dominates the central part of the section at Ostraya South and interfingers with the fine-grained sediment on either side. Individual coarse-grained beds can be traced laterally showing gradually finer grain sizes into the fine-grained sediment on either side. Inclinations of bedding planes range between 18 Á308 in north Ánorthwesterly directions north of the gravel core and 8Á228 in southerly and easterly directions south of the gravel core. Foreset dips show a similar depositional pattern.
Interpretation. Á Subunit 3.1 is interpreted as both fluvial and aeolian in origin, and deposited under periglacial conditions. The slumped nature of the basal contact of subunit 3.2, its limited lateral extent and lack of glaciodynamic structures all indicate deposition in a basin. Evidence of synsedimentary soft sediment deformation and the presence of sorted sand lenses within the unit indicate aggradation of diamict material produced by high-density flow close to the ice margin (Krzyszkowski & Zielinski 2002) . Subunit 3.3 is interpreted as deposited in a subglacial environment beneath an active ice as a basal till. In favour of this interpretation is the lateral uniform thickness, high degree of compactness and spatially consistent orientation of directional elements. The gradual transitions between climbing ripple laminations, horizontal lamination and occasional massive beds in subunit 3.4 are characteristic of waning density flows, indicating a transition from traction currents to fall-out from suspension. Alternation between normally and inversely graded beds is a characteristic of high and relatively steady sediment supply with a high suspended load, i.e. quasi-steady hyperpycnal turbidity currents following Mulder & Eurasian ice sheets, NW Russia Alexander (2001) . A high sedimentation rate is also seen in the steeply climbing ripples and channel and bar forms typical of subaqueous fans (Martini 1990; Winsemann et al. 2004) . We interpret this subunit to have been deposited by a continuous supply of meltwater with high sediment loads to an ice-marginal basin. Bedding planes and sediment transport directions indicate that the fan delta built up from the southwest. The planar cross-bedding at Ostraya south reflects two-dimensional bedforms with a height of more than 25 cm migrating in a unidirectional flow. The opposite transport directions on either side of the coarse-grained core suggest that the flow spread from there. The gravelÁboulder beds reflect high energy, and the boulders suggest a proximity to the ice margin. The inversely graded gravelÁboulder beds are deposited by hyperconcentrated density flows, which may be generated in front of subglacial or englacial channels at the ice margin as a subaqueous fan (Sharpe 1988; PlinkBjö rklund & Ronnert 1999) . The lateral fining of grain sizes and transition to bedload transport and quasisteady turbidity currents reflect the waning flow with increasing distance to the channel mouth. The fine-grained beds at Ostraya South and Tarkhanov are interpreted to be deposited as subaquatic debris flows deposited distally to the source or at a later stage in the lake development with diminished water supply (Gravenor et al. 1984; Eyles et al. 1987) . The intervening diamict beds were deposited as sediment gravity flows fed by ice-rafted material, which is compatible with the dropstones. The slump structures are typical of rapid deposition of finer material and high pore-water content (Mills 1983 ).
Unit 4. Cape Tolstik Till
Description. Á Unit 4 is recognized along Kanin Peninsula and Chyoshskaya Bay as a dark greybrownish, massive, silty-clayey, matrix-supported firm diamict ( Fig. 2A, C, D, E) . Clast concentration is moderate, and clasts larger than a few centimetres are rare. Twenty grain-size samples from northern Kanin Peninsula show cumulative silt and clay content 
between 69 and 81%. Intra-diamict lenses composed of sand and silt occur throughout the unit Áat northern Kanin Peninsula they become more than 10 m long (Fig. 7A, 8, 9B ). Many lenses are deformed and most are folded with a vergence towards southeast. An exception is northern Kanin Peninsula, where some lenses are stretched out towards southwest. The diamict between Krinka and Madakhá is rich in shells, both fragmented and well-preserved valves. Arctica islandica, Astarte borealis, Astarte montagui montagui and Hiatella arctica have been identified. The basal contact is characterized by a transitional zone, up to 3 m thick, associated with glaciodynamic structures and deformation of the substrate, such as 50 to 80-cm-thick lenses of diamict delimited by shear planes, mud overprinted by a network of subhorizontal shear planes with slickensides, and sheath folds and boudinage structures of substrate material. At Chyornaya the upper limit of the transitional deformation zone is marked by a well-developed clast pavement (Fig. 7B ), whereas at other sites the transition may continue into the basal part of the diamict as shear lenses, minor folding of sorted sediment and stretchedout soft sediment clasts.
Almost 40 clast fabric analyses, supplemented by striation measurements on clasts, slickensides, folds and thrust planes show a movement direction from northwest. Clast fabrics usually have a low to moderate strength with S 1 eigenvalues from 0.60 to 0.70 and S 3 values between 0.10 and 0.05. Two populations of orientations (NW ÁSE and NE ÁSW) dominate on northern Kanin Peninsula (Fig. 6B) 
is interpreted as a basal till deposited beneath a glacier flowing from northwest (Krü ger & Kjaer 1999; Kjaer et al. 2001) . This is supported by the glaciotectonized substrate and the inclusions of subtill material. We speculate that the glacier had a strong coupling to its bed as all evidence points towards deposition in association with a deforming layer. The fabric signature from northeast is due to subsequent glaciotectonic overprinting Áfor more details see Larsen et al. (2006b) . Description. Á Unit 5 is divided into two subunits comprising muddy and sandy sediments, and represents two coexisting sedimentary environments based on stratigraphical positions. Subunit 5.1 has been described by Kjaer et al. (2003) and Jensen et al. (2006) from the Mezen Bay area. The subunit is found at several localities from the Mezen Bay area in the west to Chyoshskaya Bay in the east. At the westernmost sites, tidal deposits are in situ and can be traced laterally up to 4 km alongshore. At the easternmost sites, sections are strongly glaciotectonically disturbed, and tidal facies are found as laterally discontinuous units (Fig. 7C, 10 ). Individual tidal units are internally undeformed and reach a maximum thickness of 19 m. The complete thickness of the unit is unknown. At Cape Tolstik in Mezen Bay, it is sandwiched between the Cape Tolstik and Syomzha Tills. The subunit comprises a range of facies from massive clay with paired marine shells in the oldest parts to heterolithic deposits with bi-directional crossbedding, tidal bundles, reworked shell fragments and cryoturbation structures in the youngest. At Bolshoi Vzglavnyie, a gradual transition is observed from a fine-grained heterolithic deposit to a sandier heterolithic deposit. The heterolithic parts are characterized by alternating beds of rhythmically laminated fine sand, silt and clay, and beds of fine sand with current and wave-generated ripples. Flaser bedding and double mud drapes are found in ripple troughs and adjacent ripples migrate in opposite directions. Sandy intervals are on millimetre-scale in the lower interval and increase to a thickness of 130 cm in the upper interval. At Cape Zheleznyie, the heterolithic beds are cut erosively by amalgamated trough-shaped sand bodies filled with large-scale, cross-bedded, fine-medium sand showing tidal bundles and fine sand dominated by flaser, wavy and small-scale herringbone cross-bedding. The erosive troughs grade vertically into well-sorted, low-angle dipping, laminated fine sand with occasional wave and current ripples. Escape traces from living organisms are quite common.
At Cape Konushin, Tarkhanov and the Timan Ridge we find massive or planar laminated medium to finegrained sand, evidently in the same stratigraphical position (subunit 5.2). Usually the sand is located above 60 m a.s.l., but is found from 34 to 148 m a.s.l. Synsedimentary slumping is common, and at the Timan Ridge ice-wedge casts are found in massive sand.
Interpretation. Á Subunit 5.1 reflects a transition from dominant deposition as fall-out from suspension to increasing importance of bedload transport. The lowermost clay facies is interpreted as offshore marine clay, based on grain size and fauna (Jensen et al. 2006) . The heterolithic facies reflects depositional conditions alternating between fall-out from suspension and action of weak uni-and bidirectional currents. Symmetrical ripples suggest wave action and deposition at least above storm wave base. However, a high preservation potential suggests a relatively deep depositional environment. Unidirectional ripples in opposite directions are often caused by tidal currents, an interpretation that is supported by frequent double mud drapes and the occurrence of tidal bundles in C:/3B2WIN/temp files/SBOR42_S100.3d [x] Tuesday, 23rd May 2006 15:37:39 
other facies (Nio & Yang 1991) . The alternation between heterolithic and sandy intervals is interpreted as seasonal cycles by Jensen et al. (2006) based on systematic variations in lamina thicknesses. The seasonal cycles combined with the thick deposits suggest that sedimentation rates were high. Erosive troughs are interpreted as tidal channels based on the evidence of current reversals and dominance of large-scale bedforms. The uppermost facies at Cape Zheleznyie reflects high wave energy and the low-angle dipping beds are characteristic of upper shoreface deposits. Subunit 5.2 is interpreted either as deposited in shallow lakes influenced by aeolian activity and/or aeolian dunes Áterrestrial counterparts to subunit 5.1. Most of subunit 5.2 occurrences are found at elevations above the Mezen Bay Transgression marine limit (Jensen et al. 2006) . The lower occurrences might have been deposited as sea regressed (Jensen et al. 2006; Larsen et al. 2006a ).
Unit 6. Syomzha Till
Description. Á Unit 6 is mostly recognized through glaciotectonic deformation and large-scale dislocation of thick sediment successions ( Fig. 2C, D; log 16Á20 ). Only at Oiva was a true diamict bed documented. It is a massive, matrix-supported, silty-clayey, firm diamict with a moderate content of clasts ( Fig. 2C; log 19) . Intra-diamict lenses of sand are scattered throughout. The lower boundary is sharp with a weakly developed pavement of clasts larger than 10 cm. Striations on their surface show a preferred NE ÁSW orientation. This is compatible with a fabric analysis that displays a V 1 eigenvector at 518 and a significant degree of clustering; S 1 : 0.68, S 3 : 0.03 (Fig. 6A) .
At Bolshoi Vzglavnyie, sediments from units 1, 2, 4 and 5, i.e. marine, fluvial and subglacial sediments, are found dislocated by folding and thrusting from northeast (Fig. 7C, 10) . Deformation occurs at every scale 
from overturned folds more than 50-m long to metresize drag folds associated with thrust planes, and centimetre-scale shear lenses and boudinage structures. Also, a few low-angle thrust planes show significant displacement along a 100-m-long shear plane. At northern Kanin Peninsula, numerous measurements on folds, shear planes and shear structures such as clasts with asymmetric tails of diamict or sand, all show a sense of shear from northeast. These northeast deformations are superimposed on older glaciotectonic deformations with ice stress from northwest (Larsen et al. 2006a) . NE ÁSW fabric directions are apparent in the analyses from consecutive diamict beds between Krinka and Madakhá (Figs 2, 8 ).
Interpretation. Á The general appearance and the striated pavement with directions consistent with fabric directions within the till suggest that the diamict at Oiva is a basal till deposited and deformed beneath a glacier flowing from the northeast. Dislocations at Bolshoi Vzglavnyie are formed by proglacial folding and subsequent thrusting of foreland sediments in front of a glacier advancing from the northeast. The lack of basal till either suggests that the glacier did not override the area or that postsedimentary erosion removed the till. Larsen et al. (2006a) suggest that the multiple till succession between Krinka and Madakhá is part of a mega-scale thrust complex including at least two thrust nappes based on glaciotectonic dislocation from the northwest (unit 4). Northwest orientated structures along the thrust planes were overprinted by a northeast sense of shear.
Unit 7. Glaciolacustrine (7.1); Glaciofluvial, fluvial (7.2); Bobrovo Till (7.3)
Description. Á Unit 7 is divided into three subunits comprising sandy, gravelly and diamict sediments. Subunit 7.1 has a lateral distribution of at least 18 km. It is traced uninterrupted between the mouths of the Madakhá and Krinka rivers along the north coast of the Kanin Peninsula (Fig. 9B) . The bed, however, continues further east along the coast and is tentatively correlated with similar deposits at Oiva on the northeast coast of the Kanin Peninsula ( Fig. 2C; log 18 Á19) . The boundary to the underlying till is undulating with amplitudes that allow the distinction of several connected basins. Individual basins almost pinch out over a distance between a few hundred metres and several kilometres having a shallow transition over a threshold to the adjacent basins. The lower boundary to the underlying till is gradual, characterized by slumped diamicton and mudflows interfingering with sandy sediments, before being totally sand-dominated. The upper boundary forms a regionally extensive terrace surface extending southwards to the Kanin Ridge. The terrace surface reaches altitudes of up to 90 m a.s.l., but is noticeably lower where the sandy succession is cut erosively by the Bobrovo Till. Thicknesses of the sandy succession range from 20Á50 m in the deeper parts of the basins to 1Á2 m between the basins. The deposits are dominated by fine sand showing horizontal lamination, massive sand and climbing ripple lamination alternating with thin horizontal beds of massive or horizontally laminated silt (Fig. 2C, 9D ). Beds are arranged in gradually fining or C:/3B2WIN/temp files/SBOR42_S100.3d [x] Tuesday, 23rd May 2006 15:37:52
coarsening upward sets. Some have gradual transitions from one type to the other. Between fining upward sets the contact is erosional. Two coarse-grained beds interrupt the otherwise rather uniform sandy succession. The lowermost bed is found at altitudes between 33 and 38 m a.s.l. The lower part of this bed is a well-sorted, low-angle dipping and tangentially cross-bedded coarse sand to fine gravel, whereas the upper part is a poorly sorted, trough cross-bedded and horizontally laminated medium sand to coarse gravel. The second of these beds is found at altitudes between 58 and 62 m a.s.l. and consists of horizontally bedded, well-sorted medium to coarse sand. Both beds contain reworked shell fragments, which are otherwise not found in the subunit. The uppermost bed is only identified locally, while the lower one is correlated between sites over a distance of 8 km.
Normally the subunit displays well-preserved sedimentary structures, but slumped beds are found along basin margins, where some parts of the basin complex are characterized by a high amount of slumping. This is usually accompanied by irregular, slumped diamict beds alternating with the sandy unit. Generally the sediment appears undisturbed, but a large fold 13 km west of Madakhá indicates that it has been affected by glaciotectonics. Small normal faults are common in all parts of the basin complex.
At Cape Suvoinyie, 5 m of planar laminated sand with trough cross-bedding is assigned to subunit 7.2 ( Fig. 2D; log 25) . Large troughs cutting into the sand are filled with coarse gravel. Ice-wedge casts are found within the sandy sediments. A podzol is well developed in the upper part of the subunit. Subunit 7.3 is a grey-reddish, massive, silty-sandy, firm diamict with a moderate clast content ( Fig. 2A, C ; log 10, 18, 19). Clasts larger than a few centimetres are rare, but usually have striated surfaces. At northern Kanin Peninsula, the base is a deformed transitional zone extending vertically over 1.5 m. It displays a welldefined, sharp contact between diamict and deformed gravel, sand and mud from unit 7.1. The transitional zone also includes the lower half a metre of the diamict, characterized by up to 10-cm-long sand lenses and a subhorizontal fracture pattern. Three out of five clast fabric analyses show a WNW ÁESE orientation, while two analyses have a NE ÁSW orientation. An average of the eigenvalues deduced from all analyses yields; S 1 : 0.609/0.05 and S 3 : 0.099/0.04 (Fig. 6A) .
Interpretation. Á The gradual transitions between climbing ripple laminations, horizontal lamination and occasional massive beds in subunit 7.1 are characteristic of waning density flows, indicating a transition from traction currents to fall-out from suspension. Alternation between normally and inversely graded beds is characteristic of high and relatively steady sediment supply with a high suspended load, i.e. quasi-steady hyperpycnal turbidity currents. The individual fining-upward units are interpreted as surgetype turbidity flow suggesting periodic sediment supply (Mulder & Alexander 2001) . The local intervals dominated by slumps indicate local gravity flows including debris flows, where diamicts are involved. Diamict material is interpreted as slumps and slides from the undulating till surface forming basin margins. A general lack of dropstones or large clasts suggests some distance to the source, the ice margin. This is supported by the generally horizontal geometries Eurasian ice sheets, NW Russia
suggesting a basin floor depositional environment (Martini 1990 ). The coarse-grained intervals represent higher energy levels and bedload transport. Tangential cross-bedding and low angle bedding is characteristic of the upper shoreface and the two beds with these characteristics are interpreted as lacustrine beach deposits (Reineck & Singh 1980) . The poorly sorted, trough cross-bedded coarse sand and gravels suggest deposition by three-dimensional dunes in a fluvial environment. The coarse-grained beds represent times of subaerial exposure with subsequent filling of the basin. Subnit 7.2 is interpreted as a fluvial/glaciofluvial sediment deposited under periglacial conditions. Probably deposition took place in a braided river system distally to the ice margin, compatible with the reconstruction of Demidov et al. (2006) and Larsen et al. (2006a) . The well-developed soil in the top supports the claim that the sediment was never overrun by the ice.
Subunit 7.3 is interpreted as being deposited beneath an active glacier as a basal till (Krü ger & Kjaer 1999) . This is based on the massive appearance and the subhorizontally fractured lower part and is further substantiated by the basal unconformity cutting the glaciotectonized substratum. Folds in the transitional zone indicate ice stress from the west. This is supported by fabric analyses with more than half of the clasts showing an inferred orientation from northwest. As northeast-orientated fabrics are taken close to the surface we believe this to be influenced by gravitational movements in the active layer.
Unit 8. Lateglacial sediments
Description. Á These deposits comprise fine sand and silt, plane laminated or with small-scale cross-bedding, up to 5 m thick, and overlain by massive silt with large-scale cross-bedding, with a thickness up to 1 m (Fig. 2D, E, 9D ). The plane laminated sand is characterized by frequent small-scale ice-wedge casts originating in the middle of the sediment, as well as thermokarst collapse structures at the base. The sediments, which have been observed along a 20 km north Ásouth transect along the Pyosha river and at the C:/3B2WIN/temp files/SBOR42_S100.3d [x] Tuesday, 23rd May 2006 15:37:54
coast beyond its mouth, are part of a major river terrace. At most sites there is a horizon of peat or organic detritus and twigs in the middle part of the sediments. The sediments are overlain by 3 to 5-mthick peat.
Interpretation. Á We interpret the plane laminated fine sand and silt as deposited on a flood-plain along the Pyosha river. The small ice-wedge casts and thermokarst collapse structures indicate more extensive permafrost than now, where the area is in the zone of sporadic permafrost (Kotlyakov & Khromova 2002) . Lavrov & Potapenko (2005) have recently shown that the end of flood plain sedimentation on this and similar terraces in the area and beginning of peat formation in most places began at the Pleistocene/ Holocene boundary.
Event-stratigraphy
Chronology Two luminescence samples of shoreface sand from unit 1 at Chyornaya gave ages of 109 and 114 kyr BP, compatible with the Eemian, which is often underestimated by the OSL technique (Murray & Funder 2003) (Table 1 , Fig. 11 ). At Konushin and Konushinskaya, three samples of shoreface sand gave OSL ages of 81, 82 and 82 kyr BP. Tentatively, we regard the OSL ages as too young on the basis of the faunal correlation and because there is no other trace of a transgression at c. 80 kyr BP in the region. Thirteen luminescence dates obtained from unit 2 span ages between 188 and 92 kyr BP, with a cluster around 115 kyr BP indicating a late Eemian deposition (Table 1, Fig. 11 ). However, mainly based on stratigraphical position and a sea level below the present, Larsen et al. (2006b) suggested that sedimentation took place in the earliest Weichselian, i.e. around 110 kyr BP.
Unit 3 shows a wide range of dates from 112 to 50 kyr BP. Considering the age succession through the different subunits (3.1 Á3.4), the physical depositional environments and its influence on the bleaching history, we regard the oldest and youngest dates as outliers (cf. Duller 2004) giving a possible age range for the entire unit 3 of 98 to 64 kyr BP. Dates from subunit 3.2 below the ice marginal and basal till sediment display ages between 98 and 94 kyr BP, with a single outlier around 75 kyr BP. Immediately above these ice proximal and subglacial sediments, ages spread from 96 to 72 kyr BP in lacustrine sediments. Conservatively, we interpret the ice advance associated with unit 3.3 to have occurred between 100 and 90 kyr BP. The proximal lacustrine facies of subunit 3.4 postdates this and was deposited at c. 80 kyr BP, whereas the more distal facies of the subunit might have been deposited over a prolonged period as late as 70 kyr BP.
The eight dates presented in this article from the marine sediments (subunit 5.1) yield ages between 96 and 60 kyr BP. Excluding the two oldest from the same locality as outliers due to incomplete bleaching, the average age is c. 65 kyr BP. Jensen et al. (2006) report a total of 21 OSL dates from this Mezen Transgression (including those from the present study) with a nearly Gaussian age distribution that eliminates four outliers, including the two discussed above. The remaining 16 samples have a narrow age range and a mean age of 62 kyr BP. At localities situated above the highest recorded sea level during the Mezen Transgression (Jensen et al. 2006) , seven samples of aeolian and lacustrine sediments assigned to unit 5.2 yield corresponding ages between 58 and 75 kyr BP with an average of 66 kyr BP. All samples from unit 5 postdating the regional Cape Tolstik Till (unit 4) implies that this ice advance took place before 65 kyr BP and probably after 75 kyr BP, considering the age range in glaciolacustrine sediments from unit 3. Superimposed deformation from northeast on the marine sediments from subunit 5.1 also provides a maximum age for the Syomzha Till (unit 6) at 55 kyr BP as the till bed overlies deposits from the Mezen Transgression.
A series of 14 samples from subunit 7.1 yields an average age of 1269/18 kyr BP, when the oldest one is excluded as an obvious outlier (Risø no.: 021023; Table  1 , Fig. 11 ). There is practically complete overlap between these ages and those from unit 2, and all samples are collected from the same localities on northern Kanin Peninsula, implying a discrepancy between the established stratigraphy and the absolute chronology. The age range itself suggests that the entire succession represented by logs 16Á19 (Fig. 2) was deposited time-transgressively from Late Saalian into the Eemian. Even though this is feasible, it does not explain the frequent occurrence of shells derived from a Boreal fauna Áthe Eemian, as the depositional basin from which ages are obtained is cut erosionally into the Cape Tolstik Till (unit 4), which for glaciotectonic, litho-and bio-stratigraphical reasons postdates unit 2. In addition, it will introduce a repetition of ice flow pattern during the Late Saalian as reconstructed for the Middle Weichselian, i.e. northwest advance replaced by a northeast advance. We have therefore tentatively discarded the series of dates from subunit 7.1, which being far from a satisfactory explanation must imply that the obtained OSL ages probably reflect how the time sediments were bleached and completely zeroed and not necessarily the time of deposition. This might be compatible with high and relatively steady sediment supply related to a high suspended load that characterizes deposition of the glaciolacustine sediments in subunit 7.1. One date from subunit 7.2 yielded an age of 22 kyr BP and likely predates the ice advance that deposited the Bobrovo Till (unit 7.3) .
In unit 8, a sample of twigs from the flood-plain sediments gave a calibrated age of 13.7 cal. kyr BP (Sample AAR-7937, 119109/90 14 C yr BP). At another locality a sample from the middle part of the flood-plain sediment gave an OSL age of 12.8 kyr BP (Table 1 ). The ages show that the flood-plain developed in the Late Weichselian.
Environmental history
On the Kanin Peninsula and around the Chyoshskaya Bay the Eemian Transgression followed an extensive Saalian ice cover centred over the Kara Sea. Marine conditions prevailed in river basins up to 300 Á400 km from the present coastline as a result of rapid sea level rise over an isostatically depressed area.
In the Early Weichselian, at c. 110 kyr ago, shallow lakes were being filled rapidly with sediment derived from inland rivers. Subsequent coastal erosion opened these lacustrine basins to the sea and marine embayments developed under the influence of tidal currents (Larsen et al. 2006a) . Shortly before 95 kyr ago, aeolian dunes moved across permafrozen flood-plains, while an ice sheet from the Kara Sea approached the Russian mainland. Between 100 and 90 kyr BP the ice sheet overrode the area and deposited the Pestsovaya Till at the Kanin Peninsula and the northern Timan Ridge, terminating in the White Sea north of the Pyoza river, west of the Timan Ridge and probably along the Markhida line, east of the Timan Ridge Larsen et al. 2006a) . During ice recession c. 85 kyr ago, ice-dammed lakes developed between detached dead-ice fields and the high-lying ridge on the northwestern Kanin Peninsula. Lake basins received large quantities of sediment from sub-or englacial channels in front of the retreating ice margin and from material that entered lakes by sea-ice rafting. For several millennia, downwasting progressed and lakes were filled with fine-grained sediment up to 40Á60 m above the present sea level.
Before 70 kyr BP, an ice sheet centred over the Barents Sea invaded the area and deposited the Cape Tolstik Till from northwest. A subglacial deforming bed developed, as indicated by the sheared basal transition and the frequent large-scale glaciodynamic structures within the till. On a more regional scale, the glacier was able to transfer significant stress to foreland sediments, as seen from the large thrust complex at northern Kanin Peninsula (Larsen et al. 2006a) . Immediately after the Barents Sea ice sheet retreated, marine tidal conditions were established as the sea transgressed up to 40 m a.s.l. at c. 62 kyr BP. Above the marine limit, aeolian sediment accumulated in shallow lakes until c. 58 kyr BP (Fig. 11) . At c. 55 kyr BP, after a regression of the sea, an ice sheet centred over the Kara Sea deposited the Syomzha Till and dislocated previously deposited sediment through proglacial thrusting and subglacial C:/3B2WIN/temp files/SBOR42_S100.3d [x] Tuesday, 23rd May 2006 15:37:58 
deformation from northeast. The ice probably terminated north of the Pyoza river, in the White Sea west of Timan, and along the Markhida line in the Pechora lowland (Fig. 12) . Limited evidence exists from the subsequent period between 45 kyr ago and the Late Weichselian. Fluvial incision probably took place on the northern Kanin Peninsula. Only at 22 kyr BP can glaciofluvial Áfluvial deposition be documented along the eastern coast of Chyoshskaya Bay probably coming from both Scandinavia and the Barents Sea. As the ice approached the Kanin Peninsula, river basins were dammed and glaciolacustrine sedimentation took place under fluctuating lake levels and water supply. At c. 20 Á18 kyr BP the Bobrovo Till was deposited on Cape Kanin Nos and the northern coast of Kanin Peninsula over the glaciolacustrine deposits (Fig. 11) .
The organic horizons in unit 8 indicate a period of climatic warming and transition from tundra to low arctic vegetation during the Allerød interstadial. This is in agreement with the observations by Paus et al. (2003) from the nearby Timan Ridge, where low arctic Betula nana shrubs invaded the area. The extension of the flood-plain along the coast of Chyoshskaya Bay indicates that sea level was lower when the flood-plain developed, as noted also by Gataullin et al. (2001) . We interpret the massive silt with occasional large-scale cross-bedded silt as aeolian sediment, reflecting a return to cold and dry conditions during the Younger Dryas, as also seen in pollen diagrams from adjacent areas (Paus et al. 2003; Väliranta et al. 2006) .
Regional correlation. Á Since Kjaer et al. (2003) published their regional event-stratigraphical model based on data from the Mezen Bay area, new information has been gathered that verifies the overall model but requires modifications in the stratigraphic terminology (Larsen et al. 2006a) . The term 'Viryuga Till' is renamed 'Syomzha Till' because correlation to the Pyoza area has been rectified and the Cape Tolstik Till is now correlated with the uppermost till along the lower Pyoza (Houmark- Larsen et al. 2006a) . This implies that Shyomzha Till, west of the Timan Ridge, should be correlated with the Markhida Till, east of Timan ).
The Markhida lineÁan asynchronous complex
The southern limit of the Middle Weichselian glacial maximum is now generally accepted to be the Markhida line, which embraces several ice marginal belts and trends east Áwest for more than 800 km (Fig. 12 ) Svendsen et al. 2004) . West of the Pechora valley, the Markhida line is composed of the PyozaÁVarchÁIndiga ÁMarkhida end-moraine segments (Korchagin 1937; Krasnov et al. 1971; Lavrov 1975 Lavrov , 1977 Astakhov et al. 1999; Houmark-Nielsen et al. 2001) . Inside these moraines, large landform assemblages derived from thermokarst wasting of glacier ice and permafrost display a relatively freshlooking hummocky and lake landscape . The different ice marginal segments comprise an almost continuous chain of composite glaciotectonic ridges, till ridges and stoss and lee landforms; often several kilometres wide and up to 80 m high, even though modified by deflation. Outside the Markhida line, the landscape appears as old morainic plateaus, dissected and deprived of lakes .
The entire Markhida line, including its continuation around Timan Ridge into the Mezen basin, has been considered to be nearly synchronous ) and the associated Markhida Till deposited after 65 kyr BP with deglaciation before 45 kyr BP (Henriksen et al. 2001) . Moreover, reconstruction of 
flowlines based on moraine ridge altitudes shows two principal ice-flow patterns, i.e. from northeast and northwest close to the Timan Ridge, representing ice centres in the Kara and Barents seas. This implies that the two ice sheets either co-existed and coalesced east of the Timan Ridge or behaved asynchronously . Mangerud et al. (1999) argued that they probably co-existed, as the ice marginal belts are almost continuous with no cross-cutting relationships or morphological differences, which favours time independence. The event stratigraphical model from Kanin Peninsula and Chyoshskaya Bay addresses these issues directly, because there is compelling evidence of two Middle Weichselian glaciations, i.e. immediately before and after the Mezen Transgression at 65 Á60 kyr BP. Employing this concept to adjoining areas in the Arkhangelsk region and in the Pechora lowland a consistent pattern emerges (Fig. 12) . Below sediments assigned to the Mezen Transgression (unit 5.1) a regional till bed (unit 4) is mapped with ice flow directions and ice stress from north and northwest. Above the Mezen Transgression, a till bed (unit 6) deposited from northeast is documented over more than 400 km along the Russian coast (Kjaer et al. 2003; Larsen et al. 2006a,b) . Within the study area it is recognized through glaciotectonic overprinting of older deposited sediments, as seen at northern Kanin, Bolshoi Vzglavnyie and Cape Zhelesnyie. In addition to this study, Larsen et al. (2006a) constrain the age range for the advance that deposited the Cape Tolstik Till to 70Á65 kyr BP, immediately succeeded by the Mezen Transgression at 65Á60 kyr BP and estimating the advance that deposited Syomzha Till to 55Á45 kyr BP. East of the Timan Ridge, in the Pechora lowland, we find a similar pattern, although interpreted differently . At the Markhida section, fluvial sediments have been reinterpreted as marine sediments, probably with a tidal signature, below a till deposited from northeast (Svendsen et al. 2004) . OSL ages also match the age span for the Mezen Transgression. Henriksen et al. (2001) interpreted ice-stress directions from northwest and intra-till ice flow directions from northeast in a large section at Hongurei on the Pechora river. This pattern was thought to reflect a single ice advance with lateral upthrusting along the flank of a lobe from northwest and subsequent glacier overriding from northeast. Given the overall ice flow pattern, we speculate that the sequence at Hongurei might be dislocated from northwest and later that till deposition took place with ice advance from the northeast. At the Vastiansky Kon section, Tveranger et al. (1998) Table 1 for full technical details on dates.
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least two ice advances around this marine event.
Although we are unable to correlate the lower Vastiansky Kon section directly with the glaciodynamic pattern proposed here, the latter interpretation by Tveranger et al. (1998) finds support in our regional reconstruction. To test whether this new stratigraphical model for the Middle Weichselian finds morphological support, we compiled available mapped ice marginal features west of the Pechora river. Mainly based on lobate shapes, glaciotectonic ridges and stoss and lee landforms, the ice marginal features were given a regional ice flow direction (Fig. 12) . A first approximation clearly shows that the two overall northwest and northeast directions are reflected in the large-scale morphology along the Markhida line. Also, it is proposed that younger northeast landforms superimpose landforms associated with the older northwest ice movement. This is taken to indicate that the morphological expression of the landscape mimics the stratigraphical sequence showing glaciations before and after the Mezen Transgression, the implication being that the Markhida line is composite and asynchronous resulting from glaciations before and after the marine event. This suggests a more dynamic ice sheet over northern Russia, which provides a solution to the complex flow pattern around the Timan Ridge. We speculate that a Barents Sea centred ice sheet terminated at successive timetransgressive segments along the Pyoza river (Pyoza Fig. 12 . Regional stratigraphy and morphology in northwestern Russia. A. Ice marginal features in the Pechora and Chyoshskaya Bay area (compiled from Korchagin 1937; Krasnov et al. 1971; Lavrov 1975 Lavrov , 1977 Lavrov , 1991 Tveranger et al . 1998; Astakhov et al. 1999; Houmark-Nielsen et al. 2001; Henriksen et al . 2001; Demidov et al . 2006 . B. Till stratigraphy related to the Mezen Bay Transgression (data west of Timan Ridge from Tveranger et al . 1998; Mangerud et al . 1999; Henriksen et al . 2001; Svendsen et al . 2004) .
, the western slope of the Timan Ridge (Varch moarine) and finally over the Indiga area (Indiga moraine) Áall before the Mezen Transgression. After the Mezen Transgression, a Kara Sea centred ice sheet first terminated north of the Pyoza river and later along the Indiga ÁMarkhida segments. However, the model cannot be verified until additional glacial geomorphological mapping is carried out across the region. This would provide better information on glacial lineations, the superposition of landforms during separate flow phases and ice marginal meltwater features.
Wider implications for shelf-ice dynamic
Ice sheets in the Barents Sea are sensitive to sea level changes as they occupy a shelf connected to the ocean by deep and wide troughs that penetrate to the core of the ice sheet. Under rapidly rising eustatic sea level, iceberg calving increases along trough mouths and the effective weight of the Barents Sea ice sheet begins to diminish, leading to reduced basal friction and increased ice velocity (Siegert et al. 2002) . This provides the mechanism behind large ice masses rapidly evacuating from central parts of the ice sheet, resulting in its collapse and release of iceberg armadas into the Nordic seas and Arctic Ocean. During the Mezen Transgression, eustatic sea level rose c. 37 m within only 3000 Á4000 years (Shackleton 2000; Waelbroeck et al. 2002) . This sea level rise was characterized by an initial highstand followed by a regression due to isostatic rebound as the Barents Sea ice sheet withdrew. The regression was interrupted by a small transgression before regression recommenced when the rate of eustatic sea level rise diminished sufficiently for the isostasy uplift to predominate (Lambeck & Chappell 2001; Jensen et al. 2006; Larsen et al. 2006a) . The transition from basal till to marine sediment is sharp or characterized by a minor lag of gravels (Kjaer et al. 2003; Jensen et al. 2006) . Above the lower boundary, both sediments and fauna indicate non-glacial conditions, thus we find no evidence of a deglacial flooding surface that might connect the retreating ice sheet to an early marine highstand (Funder et al. 1998) . Therefore, as the marine sediments contain no signal of glacier proximity and considering the marginal position of the Arkhangelsk region relative to open marine conditions, we speculate that the fast eustatic sea level rise Ác. 10 Á20 m/1000 yrÁtriggered a rapid collapse of shelf ice in the Barents Sea. The inferred OSL chronology seems to match this scenario, because the ice advance is constrained to 70Á65 kyr BP and the transgression commenced after 65 kyr BP.
Conclusions
Subsequent to the Eemian interglaciation, four major glaciations reached the Kanin Peninsula and Chyoshskaya Bay; from the Kara Sea at 100Á90 kyr BP (Pestsovaya Till), from the Barents Sea at 70 Á65 kyr BP (Cape Tolstik Till) and again from the Kara Sea at 55 Á45 kyr BP (Syomzha Till), before the Scandinavian Ice Sheet finally covered mainland Russia at 20Á 17 kyr BP (Bobrova Till). All sedimentological evidence suggests that every ice sheet was wet-based with a strong coupling to its substrate and foreland sediments, as seen from glaciodynamic structures and large-scale thrusting.
Glaciations are sandwiched between interstadial and proglacial conditions mostly recognized in sediments of lacustrine and glaciolacustrine origin. Twice, the Kanin Ridge acted as a topographical barrier for the development of ice-dammed lakes. Dead-ice fields dammed lakes over several millennia during a deglaciation initiated at c. 85 kyr BP, and glaciolacustrine basins were filled with sediment in front of the advancing Scandinavian ÁBarents Sea ice sheet at c. 20 kyr BP.
Additionally, a time-equivalent depositional marker horizon is recognized and correlated to the Mezen Transgression, which occurred between 65 and 60 kyr BP. This corresponds to a rapid eustatic sea level rise across the MIS 4 to 3 transition. Marine tidal sediments from the Mezen Transgression allow stratigraphical division of a Middle Weichselian BarentsÁ Kara Sea ice sheet into two shelf-based glaciations; before the transgression from an ice dispersal centre in the Barents Sea, and after the transgression from a centre in the Kara Sea. We are also able to link this stratigraphical sequence to the ice marginal landforms at or inside their maximum termination, implying that the Markhida line west of the Pechora valley is asynchronous and formed by the same two glaciations. Evidence from sediment contacts between till and marine sediments, fauna assemblages, chronological constraints and eustatic sea level changes lead us to suggest that marine down-draw resulted in collapse of the Middle Weichselian Barents Sea ice sheet to a rapid sea level.
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